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(54) l\/lethod and system for incorporating two-way ranging navigation as a calibration reference 
for GPS 



(57) A method and system for using two-way rang- 
ing navigation (10) to accurately determine the range 
along the path from source to destination by measuring 
the time delay during round-trip comnuinicatlon via sat- 
ellite. The two-way ranging navigation measurements 
are used as calibration references, thereby improving 
the positioning accuracy of GPS (20). The system 
includes GPS (20) and a two-way ranging navigation 
system (10) for taking position measurements of a tar- 
get (18). A confection factor (32) is determined as a 
function of the measurements and the GPS position is 
adjusted by the correction factor. The method for cali- 
brating GPS using two-way ranging navigation involves 
taking a two-way ranging and navigation measurement 
and a GPS measurement of a target determining a cor- 
rection factor as a function of the measurements, and 
correcting the GPS position by taking a second GPS 
(10) measurement and adjusting it by the correction fac- 
tor. 
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Description 

Cross>Reference To Related Applications 

5 [0001] This application is related to cot^ending application Serial No 08/803.936 entitled "Method and System for 
Determining a Position of a Target Vehicle Utflizing Two-Way Ranging, filed February 21 , 1997, as well as co-pending 
application Serial Na 08/803.937 entitled "Method and System for Detemiining a Position of a Transceiver Unit Utilizing 
Two-Way Ranging in a Polystatic SateDrte Configuration filed Febmary 21. 1997. [It Is further related to co-pending 
application Serial No {PD97-0154 not yet filed) entitled TVIethod and System for Determining a 

10 Position of a Communication Satellite Utilizing Two-Way Ranging, filed J .] The disclosures of each of pend- 
ing applications Serial No. 08/803.936 and 08/803.937 [and (PD97-0154 not yet filed)] are 

hereby incorporated by reference herein. [It is suggested that PD97-0154 filed before filing the present application, but 
if not possible, please ontit the italicized language before filing the present application.] 

15 Technlf^l Fjetd 

[0002] This invention relates to methods and systems for determining a position of a target vehicle. More particu- 
larly, this invention relates to a method and a system for calibrating the Global Positioning System using a two-way rang- 
ing navigation system. 

20 

Background Art 

[0003] Current Automatic Dependent Sun/eillance (ADS) technology in the form of a Global Positioning System 
(GPS) provides information utilizing satellite communication. The GPS. developed by the United States Department of 

25 Defense, consists of twenty-four (24) satellites that orbit the earth twice a day at an altitude of 1 2.000 miles. Additionally, 
the GPS consists of five (5) ground stations that monitor and manage the satellites. Using atomic clocks and location 
data. GPS satellites transmit continuous tinrw and position infbnuation twenty-four (24) hours a day to a GPS receiver, 
which inputs data from three or more satellites simultaneously to determine the user's position on the earth. By meas- 
uring the time interval between the transmission and the reception of a satellite signal, the GPS receiver calculates the 

30 distance between the user and each satellite. The GPS receiver then uses the distance measurements from at least 
three satellites to arrive at a final user position or location. 

[0d041 The civilian GPS measurement yields an accuracy of approximately 100 meters. Additional accuracy, at a 
le^el needed for targets such as aircraft, is obtained by using a Differential GPS consisting of ground reference points. 
However, ground reference stations are expensive to deploy, and their effectiveness is limited to a finite radius from the 

35 reference position on the surface of the earth. 

[0005] The civilian GPS system utilizes one-way ranging in which an accurate, synchronized clock is required at 
each station. Any synchronization error, or any enror regarding the location of one of the satellites, results in an error in 
the determined position of the target. An aircraft, or other target, must have accurate position and velocity information 
and requires dedicated, precise equipment throughout the flight or mission to provide accurate position and velocity 

40 information with a high degree of integrity and reliability. 

[0006] To overcome this problem, two-way ranging navigation has been proposed by co-pending United States 
Application Serial No. 08/803.936. which is incorporated herein by reference. The two-way ranging navigation system 
disclosed therein determines a position of a vehicle, such as an aircraft or surface vehicle, utilizing two-way ranging 
techniques through multiple satellites to derive Independent estimates of a vehicle's state vectors including position and 

45 velocity. 

[0007] The two-way ranging navigation system includes transmitting a first signal to a vehicle from a traffic control 
station through a plurality of satellites. From that signal, the vehicle acquires and tracks a unique ranging code, and a 
message signal containing the unique code is transmitted from the vehicle. The links through multiple satellites are 
sequentially or simultaneously processed to provide two-way ranging with reasonably accurate estimations of state vec- 
50 tors. The two-way ranging navigation system processes ranging measurements to derive estimations of vehicle state 
vectors in response to a first signal and a message signal at a traffic controller, preferably a ground43a8ed traffic con- 
troller employing a-p/EKF (Extended Kalman Factor) tracking. 

[0008] Two-way ranging navigation can be used as a stand alone positioning system for a target with higher accu- 
racy than GPS systems. During normal communication links, positioning with two-way ranging navigation consumes lit- 
ss tie space-segment resources. However, when there is no communication between the user and tiie satellite, also known 
as "silent intervals", tvyo-way ranging navigation positioning requires additional space-segment bandwidth resources. 
GPS. on tiie other hand, being a one-way broadcast positioning system, requires no additional space-segment 
resources once it is deployed. 
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10009] Theretore, there is a need to olrtain the highest degree of positioning accuracy wittout the cost of two-way 
ranging navigation positioning and while utilizing the free civilian QPS signals whenever possible. 

Summary of The Invention 

5 

[00101 The present invention provides a method and system for using two-way ranging navigation to accurately 
determine the range along the path from a source to a destination by measuring the time delay during round-trip com- 
munication via satellita The two-way ranging navigation measurements are used as calibration references, thereby 
improving the positioning accuracy of GPS without the cost of implementing Differential GPS and without the physical 

10 limitations associated with Differential GPS. 

[001 1 ] The system for calibrating GPS using two-way ranging navigation includes GPS and a two-way ranging nav- 
igation system for determining position measurements of a target A con-ection factor is determined as a function of 
measurements taken by the two-way ranging navigation system and the GPS, and the GPS position of the target is 
. adjusted by the conrection factor. 

IS [0012] The method for calibrating QPS using two-way ranging navigation includes taking a two-way ranging navi- 
gation measurement of a target, such as an aircraft, at a first predetermined time. A first QPS measurement of the tar- 
get is also taken at the first predetermined time. A connection factor is determined as a function of the two-way ranging 
' measurement and the GPS measurement. The GPS position is corrected by taking a second GPS measurement of the 
target at a second predetemrtined time and adjusting the measurement by the correctton factor to obtain a corrected 

20 GPS position. 

[0013] This method is especially advantageous for airaaft where higher positioning accuracy can be extended to 
all phases of flight without having to perform frequent two-way ranging navigation measurements. Higher accuracy can 
be obtained, when desired, by performing more two-way ranging navigation measurements whenever, and wherever, 
needed. In the application of aircraft, higher positioning accuracy in mid-course and landing can help reduce the size of 
25 safety tniffer zones between aircraft thereby increasing throughput capacity and air traffic eff idency. 

[0014] It is an object of the present invention to improve the accuracy of GPS without adding unwanted cost and 
complexity. It is another object of the present invention to utilize two-way ranging navigation as a calibration reference 
for GPS. It is yet another o^ect of the present invention to broadcast calibration information to ail users within a prede- 
termined region. 

30 [001 5] It is a further object of the present invention to maintain flexibility in the calibration method so as to allow dif- 
ferent levels of accuracy based on different applications for navigation. It Is still a further object of the present invention 
to provide a back up navigation system for GPS In the case of GPS failure. 

[001 6] The above objects and other objects, features and advantages of the present invention are readily apparent 
from the following detailed description of the preferred embodiment when taken in conjunction with the accompanying 
35 drawings and appended claims. 

Brief Description of the Drawings 

[0017] 

40 

FIGURE 1 is a diagrammatic representation illustrating a known communication system employing two-way rang- 
ing navigation as a constellation of two Medium Earth Orbit (MEO) satellites and one Geosynchronous Earth Oibit 
(GEO) satellite; 

FIGURE 2 is a diagrammatic representation illustrating GPS in conjunctfon with a two-way ranging navigation con- 
45 figuration; 

FIGURE 3 is a diagrammatic representation of GPS with two-way ranging navigation calibration references; 
FIGURE 4 is a block diagram of an embodiment of the method of calibration of frie present invention; 
FIGURE 5 is a block diagram of an embodiment of the method of calibration of the present invention in which the 
conrection factor is broadcast to users; and 
so FIGURE 6 is a diagrammatic representation of two-way ranging navigation as a backup navigation system to GPS. 

Bast Modes For Carrvlno Out The Invention 

[001 8] Refemng to Figure 1 , an implementation of a known two-way ranging navigation system for position location 
55 and tracking of objects, such as people, vehicles, and aircraft from one or more ground stations via two-way satellite 
communication links used in the system and method of the present invention, is shown. An oven/iew of two-way ranging 
navigation will be discussed below. Fbr a detailed discusston of the operation of two-way ranging navigation, U.S. Pat- 
ent Application Serial No. 08/803.936 is incorporated herein by referenca 
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[001 9] Two-way ranging navigation tracks objects through triangutation. trilateration, and Doppler techniques which 
Involve multiple satellKes in multiple orbital planes in Low Earth Orbit (LEO). Medium Earth Orbit (MEO). and Geosyn- 
chronous Earth Orbit (GEO) constellations. Figure 1 Hlustrates a two-way ranging navigation system 10 using a plurality 
of satellites, and in particular, two MEO satellites 12 and a GEO satellite 14. It should be noted that any combination of 
5 a plurality of LEO, MEO and GEO satellites can be used to achieve results similar to those of the system depicted in 
Figure 1. 

[0020] In operation, a ground station 16, such as a Satellite Access Node (SAN), preferably with traffic control mon- 
itoring, processing and signaling, transmits a ranging signal to a target 18, such as an aircraft, via any one of the MEO 
or GEO satellites 12. The target 18 acquires and tracks a unique ranging code from a sateOite. which is then retrans- 
10 mitted. along v\nth a data message, to the same satellite from which the target 1 8 received the code, and then down to 
the ground station 16. 

[0021] There are multiple links available, tor example, through a plurality of different satellites most of the time, but 
at least two satellites are always within the field of view of the target 18. A set of the satellites within the field of view 
may be employed simultaneously through two satellites, or sequentially through a single satellite without departing from 

IS the scope and spirit of the present invention. 

[0022] The fonvard and return path of the ranging signals can be routed through different satellites creating a polys- 
tatic trilateration scheme such as described in co-pending U.S. Patent Application Serial No 08/803,937 which is also 
Incorporated herein by reference. A polystatic configuration consists of several transceivers at separated locations, 
which cooperate with each other. The transceivers may be stationary or moving. By utilizing polystatic techniques, in 

so which the fonward and return ranging signals propagate through different satellites, the equal range locations of meas- 
urement are confined to an ellipsoidal surfaca The two fbd are located in the satellite positions so that the sum of the 
distances between the target 18 and the satellites 12 and 14 are a constant. The two-way ranging navigation measure- 
ments are used to derive an a-p Extended Kalman Filter (EKF) to estimate the target's 18 state vectors at the ground 
station 16. A polystatic configuration provides a more accurate and a more flexible communication system. 

25 [0023] Referring now to Rgures 2 and 3. a GPS system 20 in conjunction with the two-way ranging navigation sys- 
tem 10 desaibed above, is shown. In Figure 2. additional satellites 15 are shown in the system, together with satellites 
12 and 14. The present invention utilizes the highly accurate measurements of the two-way ranging navigation system 
1 0 as calibration references to cancel out enrors that exist in GPS measurements. 

[0024] In particular, the method of the present invention requires taking a two-way ranging navigation measure- 
30 ment. R2N 10* from the two-way ranging navigation system 10. and a GPS measurement 20' from the GPS system 20 
of the target 1 8 at a first predetermined period of time. i.e. t = 0. Referring to Figure 3. at time t = 0, the measui-ements 
are: 

GPS(t)|,.o-GPS(0) = {x(0). y(0), z(0)} (1) 

35 

R2N(t)| t„o-R2N(0) = {x'(0). y'(0), z^O)} (2) 

[0025] The concept shown diagrammatically in Rgure 3 is shown in block form in Figure 4. The correction factor 32. 
A, is calculated as a function of GPS(0)and R2N(0): 

40 

A(t)| ^o'MO) = f[R2N(0). GPS(0)] s R2N(0) - QPS{0) (3) 

[0026] The correction factor 32, A(t). at any time, can be extracted from A(0) and other available information such 
as satellite positions, data from an on-board inertial navigation system such as a corrventional mechanical gyro system 

45 that monitors the distance traveled by the target 18 from a predetermined position, and tiie results of EKF. The extra 
degree of freedom 34 allows two-way ranging and navigation to calibrate unknown parameters by manipulating exces- 
sive data. The concept of the extra degree of freedom 34 provkies capability to solve for additional unknown parame- 
ters, thereby making the position estimation more accurate in comparison to equations with less parameters. 
[0027] R2N switch 36 allows communication only when necessary and required, and prevents communication 

so when not necessary. The communication line can be visualized as a switch that is closed to allow communication and 
open to prevent communication. 

[0028] The carection factor 32 is applied to tiie GPS position at a second predetermined time. t. and the conrected 
GPS position 24. GPS*, has the form: 

65 GPS*(t) » QPS(t) + A(t) where A(t) = f(t A(0). GPS(t). ...) (4) 



[0029] As shown in Figure 4. the GPS signal 20' is received by a GPS tracker 38. and transmitted to a comparator 
40. The two-way ranging navigation signal 10* is received by the two-way ranging navigation system 10. and is also sent 
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to corrparator 40. where the signals 20' and 10* are used to determine the correction factor 32. The correction factor 
32, is then applied to the GPS signal taken at a second predetennlned point in time, and results in a co^ected GPS 
signal 24 that used to update the position 42 of the target 18 at the ground station 16, which in the case of an aircraft 
target is an Air Traffic Control station. 

5 10030] Figure 5 demonstrates the conrection factor 32 being broadcast to all users within a region as a regional cor- 
rection signal 32'. After the correction factor 32 Is estimated as shown In Rgure 4 and described above, a user transmits 
the correction factor 32 to the ground station 16 in any manner, for example, by two-way satellite communication linte. 
The ground station 16 is then able to broadcast the correction factor 32 to all users within a predetermined region, who 
are capable of utilizing the regional connection factor 32* to obtain a corrected GPS position 24 and ultimately update the 

10 position 42 of the target 1 8. 

[0031] It is apparent to one skilled in the art that the system and method of the present invention dramatically 
inproves the resolution and accuracy of conventional GPS measurements while at the same time reduces the need for 
users to perform frequent two-way ranging navigation calibration. Only one set of calibrations is needed per region, 
thereby Increasing the accuracy of GPS and at the same time keeping communication costs low as a result of infre- 

15 quent two-way ranging measurements. 

[0032] It is also readily apparerrt that aside from the increase in resolution and accuracy, the present invention has 
the advantage of flexibility in processing measurements and data. Measurements and other data can be relayed 
between the user and the ground station 1 6 via two-way communication links. Data processing can be performed either 
on-board the target 18, or at the ground station 16. 

20 [0033] Additionally, and similarly to Differential GPS, the system and method of the present invention allows the cor- 
rection factor, 32, A, which is preferably calculated at the ground station 16 for most accuracy, but which can also be 
calculated on-board. to be translated into GPS range conections. (Ar^, Ar2, ...) that can then be broadcast to all GPS 
users within a region. In tiiis embodiment, the connection process becomes: 

25 Raw GPS position: GPS{t) = f(r,.r 2....) (5) 

Conrected GPS position: GPS*(t) af(r, + Ar^. rg + Ar2. ...) (6) 

Where ri, ra, ... are ranges conresponding to the ranges between tiie positions in space of communicatiori satellites 12, 

30 14 and 15 and the ground station 16. 

[0034] - Two-v/ay ranging navigation measurements are highly accurate. Therefore, by correcting ttie GPS witti a 
well known and accurate reference point in the form of a two-way ranging navigation measurement, enters from selec- 
tive availability, ionosphere, and atmosphere can be dramatically reduced. However, since atmospheric delay can vary 
due to weather dynamics, two-way ranging navigation calibration measurements should be performed whenever there 

35 is a significant change in weattier conditions. 

[0035] Like Differential GPS, tiie present invention provides enhanced positioning measurement tiiat utilizes a very 
accurate reference point to correct enor. However, unlike Differential GPS, tiie present invention does not need to 
establish a reference point in advance. The present invention is capable of generating a two-way ranging navigation ref- 
erence point whenever and wherever it is deemed appropriate or necessary. Also, the accuracy of ttie system and 

40 method of tiie present invention is flexible and can be controlled, allowing a user to select tiie level of accuracy needed 
for ttieir particular purpose, eliminating overkill for applications that do not require a high degree of accuracy, resulting 
in lower operating costs. 

[0036] When there is a need for higher accuracy, for example in navigation during conditions of zero visibility, tiie 
frequency of two-way ranging navigation measurements is increased. This increases the accuracy of GPS through 
46 more frequent correction factor calculations and adjustinents. This flexibility enables the present invention to be used in 
a variety of applications including, but not limited to. commercial aviation, ships, shipment containers, surface vehicles, 
and mobile handsets. 

[0037] By incorporating GPS witii two-way ranging navigation, a back-up navigation method for GPS is established. 
Therefore, in cases of GPS signal jamming, two-way ranging navigation is able to provide complete navigation wittiout 

so GPS. The two-way ranging navigation satellites 12 and 14 can establish two-way ranging navigation calibration refer- 
ences whenever and wherever a user chooses, provided ttiere was a previous R2N calibration wittiin a certain duration 
or time, thereby achieving high positioning accuracy w'rthout the assistance of GPS. This is described in detail in co- 
pending U.S. Patent Application Serial No. 08/803.936. which has been incorporated herein by reference. 
[0038] The present invention has application in many multiple-satellite constellations or combinations of multiple 

5$ constellations. The present invention enhances the accuracy of conventional GPS and provideiB a simple mettiod for 
mwe flexible accuracy in tracking a target Even if ttie GPS malfunctions, the present invention provkJes accurate nav- 
igation measurements for a variety of tracking applications. 

[0039] To sum up, tiie present invention relates to a mettKxJ and system for using two^ay ranging navigation to 
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accurately detemrtine the range along the path from source to destination kyy measuring the time delay during round-trip 
communication via satellite. The two-way ranging navigation measurements are used as calibration references, theretiy 
inproving the positioning accuracy of GPS. The system indudes GPS and a two-way ranging navigation system for tak- 
ing position measurements of a target. A correction factor is determined as a function of the measurements and the 
5 GPS position is adjusted by the conectlon factor. The method for calibrating GPS using two-way ranging navigation 
involves taking a two-way ranging and navigation measurement and a GPS measurement of a target determining a 
conection factor as a function of the measurements, and correcting the GPS position by taking a second GPS meas- 
urement and adjusting it by the correction factor. 

[0040] Although particular emtKxJiments of the present invention have been illustrated in the accompanying draw- 
10 ings and desaibed in the foregoing detailed desaiption, it is to be understood that the present invention is not to be 
limited to just tiie embodiments disclosed, but that tiiey are capable of numerous rearrangements, modifications and 
substitutions without departing from the scope of the claims hereafter. 

Claims 

15 

1 . A method for calibrating a glol>al positioning system (20) using a two-way ranging navigation system, said method 
comprising the steps of: 

taking a two-way ranging navigation measurement of a target (18) at a first predetermined time; 
20 taking a first global positioning system measurement of said target (18) at said first predeternr^ined time; 

determining a correction factor (32) as a function of said two-way ranging navigation measurement and said 
global positioning system measurement; and 

obtaining a conrected global positioning system measurement (24) by taking a second global positioning sys- 
tem measurement of said target at a second predetermined time and acQusting said second global positioning 
25 system measurement by said confection factor. 

2. The method of daim 1 . characterized in that said step of detemnining a correction factor further comprises deter- 
mining said correction factor (32) as function of said two-way ranging navigation (10) measurement and sakJ global 
positioning system (20) measurement at said first predetermined time and a known satellite (12,14) position. 

30 

3. The method of claim 1 , characterized m that said step of detemnining a correction factor further comprises deter- 
mining sakJ conection f&ctor (32) as a function of sakl two-way ranging navigation (10) measurement at sakj first 
predetermined time and data from an inertial navigation system located on-board said target (18). 

35 4. The method of claim 1 . characterized in tiiat said step of determining a correction factor furtiier comprises deter- 
mining said conection factor (32) as a function of said two-way ranging navigation (10) measurement, said global 
positioning system (20) measurement at sakJ first predetermined time and results of Extended Kalman RItering. 

5. The method of any of claims 1 - 4, characterized in tiiat said step of correcting ttie global positioning system (20) 
40 position furtiier connprises relaying data and measurements by w^ of two-way communication links (12). 

6. The method of any of claims 1 - 5. characterized in that saki step of determining a correction factor (32) further 
comprises translating saki correction factor Into GPS correction factors. 

45 7- The method of any of claims 1 - 6, characterized by tfie step of enhancing the accuracy of said calibrating method 
by increasing the frequency of two-way ranging navigation (10) measurements. 

8. The method of any of claims 1 - 7. characterized t>y the steps of: 

so sending sakJ confection fector (32) to a ground station (16); and 

broadcasting sad conectk>n factor (32) throughout a predetennined region. 

9. A system for calibrating a global positioning system (20). said system comprising: 

55 a two-way ranging navigation system (10); 

a global positioning system (20); 

means for detenmining a correction factor (32) as a function of measurements taken by sakJ two-way ranging 
navigation system (10) and said global positioning system (20); and 
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means for adjusting a position of said global positioning systOT (20) by said correction factor (32). 

10. The system of daim 9, characterized in that said conrection factor (32) further comprises correction factors in other 
forms. 
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